dMP2 neurons pioneer the ipsilateral MP1 pathway. One a pilot enhancer screen of more than a hundred chromosomal deletions and a smaller number of candidate of the hallmarks of the robo mutant phenotype is the completely penetrant abnormal midline crossing of genes, including dominant-negative versions of Rho, Rac, and Cdc42 (see legend to Table 1 for details). From these axons. Though infrequent, ectopic crossing of these axons is sometimes observed in embryos that this screen, we identified a small number of chromosomal deletions that enhance the mild slit, robo/ϩ phecompletely lack dock function (dock mat ) ( Figure 2D ; Table  1 ). This finding is consistent with the idea that dock notype, including a deletion that removes the gene encoding the Pak serine-threonine kinase (Table 1) . Since mutants have similar, but weaker, phenotypes to robo. Pioneer axon crossing defects are considerably less the deletion that removes pak removes other genes as well, we next tested whether pak mutant alleles also act frequent in animals that are heterozygous for slit and robo, in comparison to the ectopic crossing observed as enhancers and observed a modest enhancement of the slit, robo/ϩ phenotype in animals where one copy in later stage animals of the same genotype (Table 1) . Importantly, limiting dock function in embryos heterozyof pak is also removed (Figures 2G and 2I ; Table 1 ), suggesting that pak, like its binding partner dock, could gous for slit and robo strongly enhances these early guidance defects (Figures 2E and 2F ; Table 1 ). Taken play a role in robo repulsion. Interestingly, the pak 4 allele, which specifically mutates the dock binding domain in together, these results suggest that dock and robo function together during midline repulsion. pak, was found to significantly enhance the slit, robo heterozygous phenotype (Table 1) . Based on the observation that removing one copy of the enabled gene strongly enhances the defects obpak is expressed in embryonic CNS axons (Harden et al., 1996). In addition, pak mRNA is expressed ubiquiserved in slit, robo transheterozygotes, we performed nant-negatives and the loss-of-function phenotypes of double rac1, mtl mutants, we believe it is unlikely that Individual mutants of the rac genes do not result in obvious defects in midline guidance; however, double the Rac1 DN transgene could function to block the other b Some of these embryos showed such strong midline crossing phenotypes that they were not quantifiable using this method. Table 2 ). Interestingly, in our in vitro experiments, Slit stimulation had the most marked effect on Rac1 whether expression of UASPak Myr could alter the ectopic midline crossing defects associated with limiting Rac activity and only a small influence on Rac2 and Mtl (see below). The fact that the enhancing effect of the rac1 activity in embryos heterozygous for slit. If the defects in midline repulsion observed in slit/ϩ; Rac1 DN emmutant is considerably milder than that of the Rac1DN transgene leads us to conclude that either the rac1 mubryos are due in part to reduced signaling through pak, we would predict that by adding more pak, the slit and tant does not limit rac1 function as strongly as the dominant-negative does (perhaps due to maternal contribuRac1 DN interaction could be suppressed. If, on the other hand, increasing pak expression results in a pertion), or the functions of multiple Rac genes need to be limited in order to observe strong enhancement. turbation of robo repulsion independent of the effects of rac, we would predict that expressing Table  (Figure 4E; Table 2 ). This result supports the idea that at least part of pak function is required downstream of 1). The enhancement observed with UASPak was quite similar to that seen with pak loss-of-function alleles, rac and provides genetic evidence that pak function during robo repulsion is cell autonomous. while the effects of UASPak Myr were considerably stronger, resulting in phenotypes similar to the complete In addition to the rescuing effect of UASPak Myr in the context of the slit, Rac1 DN genetic interaction, we also loss of robo function ( Figure 2H ). UASPak Myr expression also enhanced midline-crossing defects in animals hetobserve a reciprocal effect of UASPak Myr (but not UASPak) in the context of robo gain of function. Low-level erozygous for slit (Table 2 ). Taken together, the similar Figure 4H ). This interaction suggests that the ( Figure 5C ). To determine whether Robo and Dock interact in the organism, we attempted coimmunoprecipitapresence of UASPak Myr is enhancing the output of the Fra-Robo chimera and supports the idea that pak function experiments using embryos expressing various myc-tagged versions of the Robo receptor and were tion can modulate Slit-Robo repulsion.
Rho family members.) To address the relative contribuqualitative effects of pak loss and gain of function suggest that both too much and too little pak activity is tions of the three Rac genes, we performed genetic interaction tests with each of the individual
able to coimmunoprecipitate wild-type Robo and Dock ( Figure 5D ). Furthermore, a mutant form of Robo where Biochemical Interactions between Dock and Robo both CC2 and CC3 were deleted showed a dramatic As a first step to test for physical interactions between reduction in Dock binding ( Figure 5D ). Taken together, Dock and Robo, we used the yeast two-hybrid system the two-hybrid and coimmunoprecipitation data support and found that the cytoplasmic domain of Robo shows a direct in vivo interaction between Robo and Dock. robust interactions with the full-length Dock protein (Figure 5A without Slit (Figure 6 ). Using this system, we are able for multiple inserts of the ⌬CC2⌬CC3 transgene and is consistent both for untagged and myc-epitope tagged to detect a modest increase in Rac1 activity and smaller increases in Rac2 and Mtl activity when Robo-expresstransgenic receptors. Immunohistochemical comparison of transgenic protein expression did not reveal draing cells are stimulated with Slit ( Figures 6C-6E) . Importantly, the ⌬CC2⌬CC3 mutant version of Robo that canmatic differences in the levels of protein expression between the ⌬CC2⌬CC3 and the wild-type Robo receptor not bind to Dock, and hence cannot recruit Pak, is unable to mediate the Slit-dependent increase in Rac activity (data not shown); we therefore do not believe that the inability of the ⌬CC2⌬CC3 receptor to rescue results ( Figure 6C ). These data are consistent with the idea that Slit binding of Robo leads to an increase in Rac activity from reduced expression levels. This result suggests that it is the combined action of the CC2 and CC3 motifs that is dependent on the recruitment of Dock and Pak to the Robo cytoplasmic domain; however, an alternative that is critical for proper function, and is consistent with an important role for recruitment of Dock and Pak and possibility is that other unidentified proteins interacting through CC2 and CC3 could function to recruit Rac the regulation of Rac activity during Robo repulsion. (see Discussion).
dock and ena Likely Function in Parallel during Midline Repulsion A Mutant Form of Robo that Lacks CC2 and CC3 Fails to Rescue robo Mutants
The failure of the ⌬CC2⌬CC3 receptor to rescue the robo mutant cannot be exclusively attributed to the inability to To determine the in vivo effect of preventing Robo's association with Dock and Pak and its ability to inbind Dock. Indeed, in addition to disrupting the ability to bind to Dock, the ⌬CC2⌬CC3 receptor also disrupts crease Rac activity, we expressed a mutant form of Robo that is missing both the CC2 and CC3 motifs (Rothe ability to bind Enabled and likely other proteins as well. We have performed genetic and biochemical exbo⌬CC2⌬CC3) in robo mutants and tested for rescue of the robo phenotype. Similar experiments using Robo periments to determine whether ena and dock function together or independently during Robo repulsion. Since receptors mutated for the CC2 and CC3 motifs individually indicate that neither CC2 nor CC3 are absolutely Ena and Dock binding sites in Robo appear to be partially overlapping, we tested whether Dock and Ena can required for complete Robo repulsive output (Bashaw  et al., 2000) . In contrast, the double mutant The regions of Robo that appear to be most important for the interaction are the proline-rich regions CC2 and proteins are present ( Figure 7C and data not shown) . We have also tested whether Dock and Ena influence CC3. Individual mutations in these motifs strongly reduce the amount of Dock that coimmunoprecipitates each others' binding in the context of Slit stimulation. We detect a small but consistent increase in Robo and with Robo in cell culture, while removing both of these motifs completely abolishes binding. Furthermore, exEna association upon Slit stimulation; however, the presence of Dock does not appear to modulate the assopression of Robo receptors that lack the CC2 and CC3 motifs in transgenic Drosophila disrupt the in vivo funcciation of Ena, nor does Ena appear to modulate Dock binding (data not shown). We have also examined the tion of the receptor. It is important to stress that the CC2 and CC3 sequences are not only involved in Dock effects of dock, ena double mutants and have observed only a modest additivity to the midline crossing defects binding, but also bind Ena, Abl, and potentially other proteins as well. In addition, CC2 and CC3 are also (Figures 7D-7F ., 2000) . The Gal4-UAS system was used to express transgenes in all neurons (Elavout an additional function in attraction. In the future it will
